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Nerve growth factor (NGF) with hypoxia response elements
loaded by adeno-associated virus (AAV) combined with neural
stem cells improve the spinal cord injury recovery
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The ischemia and hypoxia microenvironment after spinal cord injury (SCI) makes SCI repair a challenging problem. With various
stimulus, chances for neural stem cells (NSCs) to differentiate into neurons, astrocytes, oligodendrocytes are great and is considered as a
potential source of the stem cell therapy to SCI. Our research used adeno-associated virus (AAV) to carry the target gene to transfect
neural stem cells. Transfected NSCs can express nerve growth factor (NGF) navigated by five hypoxia-responsive elements (5HRE).
Therefore, the 5HRE-NGF-NSCs could express NGF specifically in hypoxia sites to promote the tissue repair and function recovery. Based
on the regeneration of neurocytes and promotion of the recovery found in SCI models, via locomotor assessment, histochemical
staining and molecular examinations, our results demonstrated that 5HRE-NGF-NSCs could improve the motor function, neurons
survival and molecules expression of SCI rats. Meanwhile, the downregulated expression of autophagy-related proteins indicated the
inhibitive effect of 5HRE-NGF-NSCs on autophagy. Our research showed that 5HRE-NGF-NSCs contribute to SCI repair which might via
inhibiting autophagy and improving the survival rate of neuronal cells. The new therapy also hampered the hyperplasia of neural glial
scars and induced axon regeneration. These positive functions of 5HRE-NGF-NSCs all indicate a promising SCI treatment.
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INTRODUCTION
Spinal cord injury (SCI), an irreversible and devastating disease is a
global health challenge for decades and lacks standard treatment [1–
3]. The prolonged detriments caused by SCI contained two segments
i.e., primary traumatic injury caused by direct damage and post-
traumatic degradation provoked by secondary injury, including free
radical formation, apoptosis, demyelination, autophagy, etc [4, 5].
Several events in secondary injury can cause neuronal death and
microenvironment imbalance [6, 7]. Neuronal damage inevitably
leads to a severe loss of sensory and motor functions, affecting
patients’ quality of life [8, 9]. In short, a series of uncontrollable events
exert an aggravated impact on SCI patients after primary injury.
Researches on SCI treatment mainly focus on neuron protec-

tion, axon regeneration, and angiogenesis [10–12]. Preceding
in vivo researches indicated that neurons’ death and disruption
are significant obstacles to recovery [13–15]. With breakthroughs
in regeneration and restoration, stem cell transplantation is now
recognized as a therapeutic option for SCI [16, 17]. The primary
purpose of stem cell transplantation is to compensate for cell loss
after SCI [18]. Neural stem cells (NSCs) could serve as an unlimited
source for nerve cells generation [19, 20]. For example, NSCs can
substitute for devitalized oligodendrocytes in the injured spinal
cord [21]. Neural growth factor (NGF) is the first discovered factor,
among the neurotrophin family [22] and serves as an

indispensable part in the neural development of the central
nervous system (CNS) and CNS conditions [23–25]. In vitro, NGF
showed desirable neuroprotection and neuro-nutrition seemed
relatively less in vivo [26]. However, giant weight and high-polarity
of neurotrophins exhibit unfavorable biodistribution and inade-
quate bioavailability [27], therefore, it is less likely for neurotro-
phins to pass the blood-brain barrier (BBB), especially during
systematic administration [28], and it becomes more unpredict-
able for delivery in CNS [29]. As five hypoxia-responsive elements
(5HRE) help to release NGF in hypoxia position long-lasting and
specifically, the adeno-associated virus (AAV) serves as a vector,
providing a platform for nutrition support and controlled
expression. In an ideal condition, we expected NSCs could also
repair tissues defect. In order to enable NGF to repair effectively,
we constructed 5HRE-NGF-NSCs. For the 5HRE-NGF-NSCs, we
aimed to regulate the release of NGF by 5HRE, which helps to
release NGF in the hypoxia positions (often the targeted
positions). And the AAV serves as a vector, which can provide a
platform for nutrition support and controlled expression. In this
article, we omitted “AAV” when name groups because all the
groups are based on the vector-based system. We also aimed to
regulate the hypoxic microenvironment developed after injury
and promote neuron survival and axon regeneration by regulating
NGF expression by NSC through 5HRE [30, 31].
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Apoptosis becomes normal in the chronic recovery phase but
when injury continues [32], we turned our attention to autophagy.
Autophagy is the degradation of the cytoplasm and induces nerve
cell death in SCI [33]. We introduced LC3- II, Beclin and p62 to
quantify the level of autophagy at the injury site. When autophagy
is activated, modification of LC3 begins [34]. The process of LC3
formation starts with a precursor protein, proLC3. Then it is
transformed into a proteolytically processed LC3-I structure LC3-II
[35]. Accordingly, the activation of autophagy can be evaluated
through the examination of LC3-II. Beclin 1 plays an essential role
in autophagy. Its regulatory action on autophagy promotes Vps34,
and its recruitment activity of membranes in autophagosomes
formation [36, 37]. The p62, a substrate protein of the autophagic
course, serves as a flux indicator of autophagy in vivo [38].
In this study, we explored a treatment for SCI that combines

NGF with neural stem cells. Besides, we introduced the hypoxia-
responsive elements to induce the transplanted NSC to express
NGF direction. This study extends current knowledge of the stem
cell research of SCI but is probably to be employed to confront the
ischemic background that provokes excessive autophagy and
impedes cell transplantation, and enhances the quality of spinal
cord redevelopment.

RESULTS
NSCs efficiently express NGF under the control of a hypoxia-
inducible system
We generated NSCs expressing NGF to regulate hypoxia using an
AAV system (Fig. 1A). The release concentration of NGF in the
NGF-NSCs group escalated steadily and distinctively within 48 h,
under the normal condition, while the other three groups
exhibited low levels like the NSCs groups. Meanwhile, under the
hypoxia condition (pO2 < 1%), 5HRE-NGF-NSCs showed a high
concentration like the NGF-NSCs group. Importantly, release in the
5HRE-NGF-NSCs group in controlled condition was much lower
than under hypoxia condition, indicating that the hypoxia
efficiently activated NGF expression with 5HRE gene (Fig. 1B, C).
The immunofluorescence of NGF showed that there is no
significant difference among NSCs, 5HRE-NSCs and their related

hypoxia groups, however, 5HRE-NGF-NSCs (pO2 < 1%) showed
higher expression of NGF than 5HRE-NGF-NSCs (Fig. 1D).

The transplanted cells NGF expression detection
Immunofluorescent studies on NGF in the lesion zone in rats
transplanted with NSCs were conducted at 14 days after SCI (Fig.
2). As shown in Fig. 2, NGF-NSCs and 5HRE-NGF-NSCs groups
showed a higher expression of NGF, and it is noteworthy that
these two groups compared to CON-NSCs and 5HRE-NSCs groups,
could effectively express NGF in vivo. The results showed that:
NSCs acted as the carrier of NGF gene therapy, delivering
adequate NGF protein secretion to the surrounding area.

AAV-5HRE-NGF-NSCs enhanced locomotor and hindlimb
function recovery
The tissue therapeutic effect of NGF transplantation on SCI was
delivered through the anatomical appearance of injured spinal
cords. Among four medication administered groups, the recovery
of the injured spinal cord of NGF-NSCs and 5HRE-NGF-NSCs
groups animals were better, while the repairing effect of 5HRE-
NGF-NSCs was promising than NGF-NSCs (Fig. 3A). Using video
image analysis to observe the rat’s crawling state and hind limb
movement, we evaluated the parameters of height, foot error and
plantar steps (Fig. 3B–E). The results showed that animals in the
5HRE-NGF-NSCs group had the best walking state. This result
indicated that 5HRE-NGF-NSCs effectively improve animal motor
function. Taking average scores of BBB and scores of inclined
angles to assess locomotor ability, NGF-NSCs and 5HRE-NGF-NSCs
groups vales were higher than other treated groups and between
these two groups, 5HRE-NGF-NSCs was still the better (Fig. 4A, B).
In the footprint test, rats in Sham group exhibited clear footstep
traces which were natural and well-organized imprinting. Unlike
the Sham group, there was no obvious footprint in the SCI group.
Rats in four treated groups shown an improvement in their
imprinting, animals in NGF-NSCs and 5HRE-NGF-NSCs groups were
better than the other groups, as 5HRE-NGF-NSCs group rats
showed a conspicuous rehabilitation in footprint (Fig. 4C).
Histological analysis of longitudinal and coronal slices showed

that four treatment methods could repair the spinal cord defect at

Fig. 1 The establishment and authentication of adeno-associated virus-II loaded 5HRE-NSCs and 5HRE-NGF-NSCs. A A schematic plot of
constructs of adeno-associated virus-II loaded 5HRE-NSCs and 5HRE-NGF-NSCs. B, C Release concentration of NGF under control and hypoxia
(pO2 < 1%) conditions. Levels of NGF exhibited by ELISA. ** notes P < 0.01 versus NSCs group, ## notes P < 0.01 and # notes P < 0.5. Data are
the mean values ± SD, n= 6. D Staining of NGF and nucleus, in NSCs, 5HRE-NSCs, 5HRE-NGF-NSCs and corresponding hypoxia (pO2 < 1%)
groups, showing the NGF (red), nuclei (blue) in vitro. Scale bar = 50 μm.
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Fig. 3 NGF promoted and protected the spinal cord tissues, improving the recovery of locomotor function. A Images of spinal cords in Sham,
SCI, CON-NSCs, 5HRE-NSCs, 5HRE-NGF-NSCs group. B Video images sequence of rats 2 months after operation. Impaired hindlimb function while
crawling is apparently manifested by powerless weight support (calculated as torso height minus ground), leg-extensor spasms (calculated as
spasm interval relative to each step cycle duration), slow steps (quantity of hind-limb plantar steps each step cycle of forefoot) and weak foot
placement (caudal to behind hip). Hip (iliac crest), knee and ankle joints are indicated by dots and lines. The arrow shows foot movement. Scale
bar= 20mm. C–E ** signifies P < 0.01 versus the SCI group, ## signifies P < 0.01 versus the NGF-NSCs group. Data are the mean values ± SD, n= 6.

Fig. 2 NGF-NSCs group and corresponding hypoxia regulated expressed the higher NGF than other groups, as the former was the
highest at the day of 14. A NGF staining of the Sham, SCI, CON-NSCs, NGF-NSCs, 5HRE-NSCs, and 5HRE-NGF-NSCs group. The light green
parts are NGF+ stained neurons, the nuclei are labeled by DAPI (blue). Magnification was ×20. B Analysis of positive cells in
immunofluorescence staining. ** signify P < 0.01 versus the SCI group, ## signify P < 0.01. Data are the mean values ± SD, n= 6.
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various levels. The area of SCI was the smallest in 5HRE-NGF-NSCs
samples (Fig. 5). In addition, the tissue structure of 5HRE-NGF-
NSCs was clear and natural. In Nissl staining, amongst the four
treated groups, the quantity of Nissl+ cells in the NGF-NSCs and
5HRE-NGF-NSCs groups was higher; therein, NGF-5HRE-NSCs was
the better. These results indicated that 5HRE-NGF-NSCs more
effectively repaired the injured spinal cord tissue and increased
neurons.

AAV-5HRE-NGF-NSCs improved the expression of NeuN
protein-positive neurons in SCI rats
Using immunofluorescent staining for NeuN proteins visualizing
neuronal nucleus, we found that after injury, NeuN+ signals in SCI
was plunged while much more positive signals were observed in
5HRE-NGF-NSCs samples (Fig. 6). The above results indicated that
5HRE-NGF-NSCs could up-regulate the NeuN proteins, suggesting
the neuroprotective and neuron modulation functions of 5HRE-
NGF-NSCs.

AAV-5HRE-NGF-NSCs impeded the autophagic cell death
course after SCI
The autophagy signal pathway proteins (LC3-II, Beclin, P62) was
detected and analyzed at day 60. In previous studies, LC3-II as an
autophagy-related protein was applied, which is of great
importance in the autophagy process [39, 40]. Comparing the
chronic recovery in the Sham and SCI groups, the process of
excessive autophagy was stimulated after SCI (Fig. 7A, D), which
aggravated the damage caused by SCI and compromise the
regeneration. Beclin was confirmed as one of the proteins
promoting excessive autophagy [41], combining various regula-
tory factors that induced autophagy [36]. P62 is a protein located
in nuclei, which combines with intracellular ubiquitin [42], then

the LC3-II and eventually digested in the lysosome. Unlike the
other two proteins, P62 is negatively correlated with autophagy
[43], which plunged after injury. As grafted the NSCs, the LC3-II+

(Fig. 7A, D) and Beclin (Fig. 7B, E) signals in four treated groups
decreased, while P62 increased, and 5HRE-NGF-NSCs group
exhibited more intensive inhibitory action than 5HRE-NSCs group
on autophagy, indicating the excessive NGF enhanced the
recovery. We also found that positive signals were greater in
5HRE-NGF-NSCs samples than in NGF-NSCs, indicating that NGF is
accurately released to hypoxia sites and inhibit excessive
autophagy.

DISCUSSION
Recently, stem cell therapy has been a perspective option for
nervous system diseases. After SCI, neuron losses, and given the
non-regenerative property, replenishing exogenous neurons can
be a potential strategy to treat SCI. Among all stem cells, neuronal
stem cells have outstanding multipotent differentiative properties
[44–47]. Previous studies have reported that stem cells could
replenish exogenous neurons through transplantation and com-
pensate for lost neurons [18, 48]. In this study, we transplanted
NSC into the injured site and improved neuron quantity in CON-
NSCs and 5HRE-NSCs groups rats, but we cannot find the ideal
number of neurons (Fig. 6B). Meanwhile, rats in NGF-NSCs and
5HRE-NGF-NSCs groups showed an increased number of neurons
(Fig. 5B) and a higher level of NGF (Fig. 2B) than CON-NSCs and
5HRE-NSCs groups.
In conclusion, the overexpressed NGF may account for the

disparity between these two parties. In the current study, the
overexpressed NGF by 5HRE-NGF-NSCs and by NGF-NSCs
provided stable NGF sources. There are reasonable grounds for

Fig. 4 AAV-5HRE-NGF-NSCs enhanced the recovery after injury. A BBB rating scores of Sham, SCI, CON-NSCs, NGF-NSCs, 5HRE-NSCs, 5HRE-
NGF-NSCs groups. The Sham group scores the highest point of 21, meaning a normal function. * is representative of P < 0.05 and ** of P < 0.01
versus the SCI group, # represents P < 0.05 versus the NGF-NSCs group. Data are the mean values ± SD, n= 6. B Inclined plane test scores of
Sham, SCI, CON-NSCs, NGF-NSCs, 5HRE- NSCs, 5HRE-NGF-NSCs groups. * is representative of P < 0.05 and ** of P < 0.01 versus the SCI group, #
represents P < 0.05 versus the NGF-NSCs group. Data are the mean values ± SD, n= 6. C Footprint analyses of Sham, SCI, CON-NSCs, NGF-NSCs,
5HRE -NSCs, 5HRE-NGF-NSCs groups. Sham group shows the normal movement. SCI group signifies the hind limbs dysfunction after SCI.
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us to believe that the exogenous NGF helps NSCs improve SCI
recovery. Researches have stated that, as one of neurotrophins,
NGF increase neurotrophic support and neuronal protective
effects [49, 50]. Moreover, the desirable locomotor recovery of
SCI animals was observed after NGF administration, suggesting
that NGF improved the recovery of SCI (Figs. 3B-E and 4).
Nowadays, with viral vector systems, gene therapy becomes more
sustained and stable. Moreover, based on viral vectors, therapeutic
genes can be efficiently overexpressed, achieving more ideal
recovery outcomes. However, without high specific regulators, the
overexpression NGF could be unpredictable and nonselective.
Many researches have reported that overexpressed NGF is latently
oncogenic and possesses other risks [51, 52], and thus needed
appropriate regulators to improve the specificity of NGF over-
expression. HRE is induced explicitly by hypoxia-inducible factors
in hypoxia sites [53]; thereupon, according to injury conditions, we
hope to regulate the expression of NGF so that an appropriate
amount of NGF could be expressed explicitly at hypoxia sites and
prevent latent hyperplasia or other side-effects.
We constructed the AAV system and found that 5HRE-NGF-NSCs

group have better locomotor recovery than the NGF-NSCs group,
indicating that, under HRE regulation, NGF could provide a better
therapeutic effect. In the current study, the graft of 5HRE-NGF-

NSCs specifically affected the hypoxic loci, surprisingly decreased
neurons injury and loss, and promoted the recovery of dynamic
functions. Furthermore, the release of NGF was enhanced by
hypoxia condition and normal condition showed no distinct
difference, indicating that the 5HRE regulation is of highly
accurate. Moreover, under the regulation of HRE, a more suitable
concentration could be provided, and as the progress of recovery
process, the release of NGF could adapt to the actual condition.
Thus, the resilient amount of NGF regulated by HRE can prevent
the possible glioma provoked by unlimited NGF release [54, 55].
We observed the repair potential of NGF, and we are curious to

further explore the exact mechanisms of NGF. Previously, proteins
associated with apoptosis and autophagy are both observed in
the acute stage of SCI recovery [56, 57]. However, during the
chronic SCI recovery process, apoptosis, an irritable activity,
gradually decrease [32], but injury continues. Thus, we turned
our attention to autophagy. Autophagy is a cell homeostasis
regulator, which exists for the long term [58]. It is stated that
autophagy was overstimulated during the chronic recovery stage
and then resulted in a high cell death rate [59, 60]. In our study, we
found that Beclin ascended after SCI, and its downstream
molecule LC3-II was also up-regulated, and the substrate of LC3-
II (P62) [61] was down-regulated. Beclin has been reported to be
involved in autophagy process [62]. When autophagy is stimu-
lated, Beclin overexpressed and reacts to its upstream molecules
[41], provoking the overstimulated autophagy in the chronic
recovery stage. Beclin serves as a key target to inhibit excessive
autophagy after SCI. We found that NGF-NSCs and 5HRE-NGF-
NSCs effectively inhibited the release of Beclin (Fig. 7B). We further
detected the expression of LC3-II and P62; the former rose after
injury, while the latter plunged. After the administration of 5HRE-
NGF-NSCs, LC3-II decreased and P62 increased. In short, 5HRE-
NGF-NSCs has a regulatory effect on autophagy.
There are different evidences and arguments about the role of

autophagy in practical therapies [46, 63–65]. Thus, its role is still
controversial. Our results indicated that inhibiting autophagy in the
chronic recovery stage could improve the recovery of SCI. In the
microenvironment after SCI, with adverse factors, autophagy is likely
to happen, which may deepen the damage and cause irreversible
defects as evident by histology and functions of sensory and
locomotor. In general, the current study results on autophagy is not
profound enough; therefore, we aimed to explore the relationship
among autophagy, NGF and NSC in our future study.
Our research firstly transplanted 5HRE-NGF-NSCs into the SCI

animals and found that this system improves the recovery of SCI
models, which signified the high possibility of treatment using
adenovirus vector and NGF, NSCs under the control of hypoxia-
responsive elements. Therefore, a complete modifying and
regulating system for NGF and NSCs is of great importance. How
to turn adverse environment like hypoxia into “support platform”
or functioning factor may be a promising method for future study.

MATERIALS AND METHODS
Reagents and antibodies
NSCs culture medium was under support from Chi Scientific (Jiangsu,
China). Anti-NGF, anti-LC3-II, anti-Beclin1, anti-P62, anti-NeuN, donkey anti-
rabbit IgG and anti-mouse IgG with Alexa Fluor 594 (red) and Alexa-Fluor
488 (green) were supplied by Abcam (Cambridge, Britain). DAPI (4′,6-
diamidino-2-phenylindole), a fluorescent agent used for nuclear staining,
was purchased from Sigma-Aldrich (St. Louis, MO, USA).

Insulation and culture of rat embryonic derived NSCs
Acquisition of Sprague Dawley rat embryos (14–16 days after pregnancy)
was under the conventional surgical procedure, which were afterwards
followed by isolation and the immersion of cerebral cortex of each embryo
in D-Hanks solution. Under a microscope, remove the cerebrovascular and
meninges, and centrifuge at 1000 rpm (3min). Next, the cerebral cortex

Fig. 5 5HRE-NGF-NSCs achieved the maximum in improving the
recovery of SCI. A Nissl staining results of transection spinal cord for
the Sham, SCI, CON-NSCs, NGF-NSCs, 5HRE-GFP-NSCs, 5HRE-NGF-
NSCs group, scale bar= 500mm. B Analysis of H&E and Nissl staining
of sections. * and ** signify P < 0.05 or P < 0.01 versus the Sham
group, “#” and “##” signify P < 0.05 or P < 0.01 comparing between
two groups. Data are the mean values ± SD, n= 6. C H&E and Nissl
staining results of scored out spinal cord for the Sham, SCI, CON-
NSCs, NGF-NSCs, 5HRE-NSCs, 5HRE-NGF-NSCs group, scale bar=
500mm. Regions boxed manifests a representative region with
higher power images, scale bar= 100mm.
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was rinsed and treated with trypsin (0.125%) and EDTA (0,0102%). Using
culture medium DMEM containing 1% N2 supplements, 2% B27, 20 ng/ml
bFGF, 20 ng/mL EGF, 200 IU/L penicillin and 100 IU/L streptomycin, the
trypsinization was aborted, and then cell suspension was collected and
centrifuged. After finishing the re-suspension of cell culture with medium,
cells were shifted to NSC suspension culture medium at 37˚C, in humid
condition containing 5% CO2, and the culture was continued.

Construction of recombinant adeno-associated viral vector
containing NGF
Out sourcing service supplied AAV virus particles. Briefly, AAV-5HRE-NGF
and AAV-5HRE plasmids, together with pAAV-RC and the helper plasmid,
were transfected and produced in HEK293 cells. The virus particles were
purified by cesium chloride density gradient followed by dialysis. Next, a
quantitative polymerase chain reaction (qPCR) was performed later to
quantify the titers of the virus. The results indicated that AAV, AAN-NGF,
AAV-5HRE, and AAV-5HRE-NGF contained virus particles of 2.30 × 1012,
2.27 × 1012, 2.66 × 1012, 2.50 × 1012, and 2.45 × 1012/ml, respectively. Then,
NSCs were added in both groups to transduce under 1 × 105 multiplicity of
infection (MOI), which was repeated until the transduction rate reached
90%. Transduced cells were cultured in normoxia and hypoxia (<1% O2)
environments to realize hypoxia-induced expression for no less than 6 h.
Hypoxia conditioning was performed in a hypoxic incubator for 6 h and
then hypoxia groups were incubated under normoxic condition for 42 h.
The protein concentration of cultured supernatant was quantified using
the NGF enzyme-linked immunosorbent assay (ELISA) kit (BeyoLife,
Shanghai, China).

Adeno-associated virion transduction
NSCs were inoculated in 24-well plates (2 × 105 per well), which then were
under exposure of AAV, AAV-NGF, AAV-5HRE, and AAV-5HRE-NGF (in
DMEM), at 37 °C inoculums for 24 h. After removing the inoculum, cells
were rinsed with DMEM once, which eliminated transduce-failed cells. The
expression of NGF was verified using immunofluorescence staining,
confocal analyses and ELISA.

ELISA
Supernatants were collected and performed ELISA to ensure the NGF
concentrate. Within 48 h after damage, we obtained NSCs at an array of

time points (1, 3, 7, 9, 12, 18, 24, 32, 40, 48 h) for ELISA. NSCs were
centrifuged at 12,000 rpm for 10min and then acquired the supernatants
for ELISA. The density of protein in supernatants or tissue homogenates
were evaluated by Micro BCA Protein Assay kits (Pierce, Rockford, IL);
moreover, the counterpart was supplemented on a 96-well plate (coated
with designative antibodies). The analysis of NGF density was consistent
with the instruction of NGF ELISA kits (BeyoLife, Shanghai, China).

Animal model of spinal cord injury
Seventy-two (HE staining and Nissl staining require 4 SD rats in each group,
and immunofluorescence staining requires 6 SD rats in each group. In
addition to the loss due to rat death during the experiment, 12 SD rats in
each group are required. Hemiplegia and dead rats excluded from group.)
adult female SD rats (220–250 g) were supplied by Animal Center of the
Chinese Academy of Sciences, Shanghai, China. With the sanction of the
Animal Care and Use Committee of Wenzhou Medical University, all the
animal experiments complied with the National Institutes of Health
guidelines. Animals were randomly assigned in equal amounts to six
groups, comprising Sham, SCI, CON-NSCs, NGF-NSCs, 5HRE-NSCs, and
5HRE-NGF-NSCs. Formerly, animals were housed for 7 days, catering with
suitable water and food, in an alternative light and shaded environment
per 12 h. The animals were anaesthetized with 5% isoflurane until
unconscious. Implemented the incision on the skin along the midline of
the back and the resection of the 8–10th thoracic spinal vertebrae, except
the Sham group, additional operation on other five groups rats were a free-
fall strike on T9 segment of the spinal cord with a 10 g hammer from the
height of 25mm. The postoperative care contained discharging of
bladders twice per day (fixed time in morning and evening) and twice
injections of the cefazolin sodium (50mg/kg, i.p.). Rats were placed at
plastic cages equipped with a regular moderate diet.

Transplantation
Transplantation was conducted on the 7th day after injury when the
inflammatory reaction was subtle and the glial scar was in the initial stage.
The inflammation broke the balance of the microenvironment and
impeded grafted cells’ survival; meanwhile, the glial scar blocked the
communication between transplant and original tissue. The animal was
fixed with a rat vertebra-holder (Cunningham spinal adaptor, Stoelting Co.,
Wood Dale, IL), and the T9 segment of spinal cord was exposed. 2 × 105

NSCs cells/10 μl were transfused in the position, using 25 μl microinjector

Fig. 6 Implement of NSCs and NGF, and application of hypoxia condition increased the expression of NeuN+ proteins at the day of 60. A
Immunofluorescence staining of NeuN in spinal cord lesions. The nuclei are labeled by DAPI (blue). The bright green dots are NeuN+ proteins,
magnification was ×20. B Analysis of positive cells in immunofluorescence staining. ** signify P < 0.01 versus the Sham group, ## signify P <
0.01. Data are the mean values ± SD, n= 6.

Q. Wu et al.

6

Cell Death Discovery           (2021) 7:301 



(26 G, an inner diameter of 0.24mm, an outer diameter of 0.6 mm, 30°
bevel, 1 cm long needle). The procedure of cells acquisition was: a Nano-
Injector (Stoelting Co.) at a speed of insert is 1 μL/min and at a depth of
1 mm into the epicenter below the dorsal surface was inserted to acquire
cells, which was then incubated in inoculum suspension for transplantation
preparation. The quantity of cells was determined, referring to our initial
research that comprised 2 × 105 NSCs cells/10 μl transfused into the
proximal, central, and distal parts of the injured spinal cord. After injection,
the microinjector was positioned for 5 min, in case of the suspension leak.
Moreover, the control group was treated with 10 μl phosphate buffered
saline (PBS). Moreover, cyclosporine (10mg/kg dose) that serves as
immunosuppression were intraperitoneally injected daily until the day 60.

Functional recovery evaluation of SCI rats
To understand the therapeutic effect, animals’ spinal cord nerve function in all
groups was quantified by BBB score (at day 1, 3, 7, 10, 14, 21, 30, 35, 42, 60), the
oblique plate test (at day 60), footprint (at day 60) and video recording images
(at day 60). For BBB scoring, 3 independent inspectors blinded the
experimental conditions and obtained the measurement results. The
approaches were detailed: the rats were first set on a test bench that enabled
them to crawl without restriction, and their limb walking action was recorded,
especially the hindlimb action. The inclined plate test was conducted as
follows: one inclined plate with adjusted structure was set on a desk; Place the
rats on a slide-proof pad (thickness: 6mm), and the longitudinal axis of rats
was kept at a right angle to the long axis of the inclined plate; Gradually
elevated the inclined plate until the plate with the tilt angle can support rats
for 5 sec and obtained the results. A track (7.5 cm× 100 cm) was preset and the
pedestal surface was overlaid with white paper. To avoid the light and to
establish a dark environment where rats adapt, black plastic film was mantle

over the track. The red dye was used to visualize rats’ hind footprint. Begin at
one end of the track, assuring the animals to complete the entire route. The
footprint could reflect the locomotor recovery. The images from video and
quantitative analysis were followed that include weight support, leg extensor
spasms, footsteps quantity, as well as the posture of the foot.

Hematoxylin and eosin staining and Nissl staining
On day 60 (after the surgery), 5% isoflurane was used to anaesthetize rats.
The heart was perfused with 0.9% NaCl and then injected with the 500ml
4% paraformaldehyde solution. A level resection was performed at the site
of 8–10th thoracic spinal vertebral where contained the stroke position.
The segments excised were marinated in 4% paraformaldehyde for 24 h
and then embedded in paraffin. For further histopathological dimension
examination, transverse paraffin sections (10 μm) were colored with
hematoxylin and eosin (H&E). Meanwhile, for Nissl staining, slices were
positioned in the incubator with 1% cresyl violet. Under an optical
microscope, the above two types of sections were observed and scan.

Immunofluorescence staining
In an incubator containing bovine serum albumin (BSA) and 0.1% Triton X-100
attenuated with PBS at 37 °C, sections were incubated for 1 h and then
incubated with aiming primary antibodies in the same condition at 4 °C
overnight. We used anti-NeuN (1:500), anti-NGF (1:500), anti-LC3-II (1:500), anti-
P62 (1:500), and anti-Beclin (1:1000) as primary antibodies to track neurocytes
in separate experiments. In subsequent staining, firstly washed with PBS three
times (per 5min), then sections were incubated in incubators containing
secondary antibodies under a dark environment for 1 h. After duplicate
staining, nuclei were dyed with DAPI (0.25 μg/ml). Images were captured by
Nikon ECLIPSE Ti microscope (Nikon, Tokyo, Japan).

Fig. 7 The application of NSCs, NGF, and the hypoxia inhibited autophagic cell death in SCI animals. A–C LC3-II, Beclin, P62 staining of the
Sham, SCI, CON-NSCs, CON-NGF-NSCs, 5HRE-NSCs, and 5HRE-NGF-NSCs group. The red dots are LC3-II+ stained neurons, green dots in B
signifies the Beclin+ stained neurons and in C signifies the P62. The nuclei demonstrating by DAPI (blue). Magnification was ×20. D–F Analysis
of positive cells in immunofluorescence staining. ** signify P < 0.01 versus the Sham group, ## signify P < 0.01. Data are the mean values ± SD,
n= 6.
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Statistical analysis
The data were presented as mean ± standard error mean (SD). In the
analysis of two drug treatment groups, a Student’s t-test was used to
determine differences, with a significant value of P < 0.05. If treatment
groups are more than two, one-way analysis of variance (ANOVA) and
Dunnett’s post hoc test was used to quantify data, with a significant value
of P < 0.05.

DATA AVAILABILITY
The data used to support the findings of this study are available from the
corresponding author upon request.
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